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ABSTRACT
The relaxed galaxy cluster Zwicky 3146 is analyzed via the SuperModel, a tool al-
ready tested on many clusters since 2009. In particular, this analysis is focused on the
intracluster medium X-ray temperature data measured by XMM-Newton up to r500.
A previous analysis was based on the temperature profile derived from the Sunyaev-
Zeld′ovich effect pressure data. The gas mass fraction fgas is obtained from the result-
ing SuperModel temperature profile extrapolated up to the virial radius R, that turns
out in agreement with the steep temperature profiles observed by Suzaku, and from
the gas density profile observed by XMM-Newton. The comparison between fgas with
the universal value indicates a non-thermal pressure component, pnth, in the cluster
outskirts. The SuperModel analysis shows a ratio α(R) (≃ 50%) of pnth to the total
pressure greater than the values found by simulations, highlighting the possible pres-
ence of accreting substructures and inhomogeneities in the gas density profile. Once
that this profile is corrected for clumpiness, the level of pnth is considerably reduced.
However, a significant turbulence (α(R) ≃ 20%) and entropy flattening are still present
in the outskirts of the galaxy cluster Zwicky 3146.
Key words: galaxies: clusters: individual (Zwicky 3146)-cosmic background
radiation-X-rays: galaxies: clusters
1 INTRODUCTION
The sloshing cool core cluster Zwicky 3146 at z = 0.291
has been recently observed at 90 GHz by MUSTANG-2
(Romero et al. 2019; hereafter R19). The pressure profile
derived by the Sunyaev-Zeld′ovich (SZ) effect (1972) is in
excellent agreement with that derived in X rays by XMM-
Newton observations. From the SZ pressure profile R19 de-
riveM500 andM2500 via three methods: by means of a Y −M
scaling relation (Y is a volumetric integral of the thermal
electron pressure), the second employs the hydrostatic equi-
librium (HE) assuming spherical symmetry, and the third
considers the virial theorem. The electron density profile is
inferred from the XMM-Newton data. The authors consider
a non-parametric (NP) pressure model, where a power-law
distribution of pressure is assumed within twelve radial bins
between 5′′ and 5′, and the fit with the generalized NFW
pressure profile (Nagai et al. 2007) fixing some parameters.
The estimates of M500 depend on the model and estimation
method. With the NP model R19 derive 8.16+0.44−0.54×10
14M⊙
from a Y −M relation, 8.29+1.93−1.24×10
14M⊙ from hydrostatic
equilibrium, and 9.05+0.56−0.67 × 10
14M⊙ from the virial equi-
librium; for the gNFW model the values are 7.70 ± 0.17 ×
⋆ E-mail: roberto.fusco@inaf.it
1014M⊙, 8.33
+1.93
−1.24 × 10
14M⊙, and 10.60 ± 0.10 × 10
14M⊙,
respectively.
R19 extend their analysis to other thermodynamic
quantities such as gas temperature and entropy. The temper-
ature profile is obtained by combining the thermal electron
pressure Pe given by SZ data with the electron density ne,
through the relation kBTe = Pe/ne. The above quantities
define the entropy parameter Ke = kBTe/n
2/3
e = Pe/n
5/3
e
as reported in Voit (2005).
Here, it is exploited the capability of the SuperModel
(SM; Cavaliere, Lapi & Fusco-Femiano 2009) to extrapo-
late the intracluster medium (ICM) temperature profile,
observed by XMM-Newton up to ∼ r500, to the virial ra-
dius assumed to be R = 2r500. Since 2009, the SM has
been used to investigate the ICM thermodynamic proper-
ties of several clusters (Fusco-Femiano, Cavaliere & Lapi
2009; Fusco-Femiano et al. 2011). This semi-analytic tool
is based on few physical parameters that define the entropy
state of the intracluster medium. As shown in Sect. 2, the
SM temperature profile includes the possible presence of a
non-thermal pressure component to sustain the hydrostatic
equilibrium. This has allowed more recently to highlight the
role of the nonthermal pressure component in the cluster
outskirts using the knowledge of the universal gas mass frac-
tion (Fusco-Femiano & Lapi 2013, 2014, 2015, 2018; Fusco-
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Femiano 2019). This method has been used by Eckert et al
(2019) to constrain the level of the non-thermal support in
the galaxy clusters of the XMM Cluster Outskirts Project
(X-COP) (Eckert et al. 2017).
According to hydrodynamic simulations the level of the
non-thermal pressure component, generated by bulk and
turbulent motions during the formation of large-scale struc-
tures, increases going toward the outskirts of galaxy clusters
(Vazza et al. 2009; Valdarnini 2011; Gaspari & Churasov
2013; Lau et al. 2013; Nelson et al. 2014). The contribution
of these non-thermal processes to the overall pressure results
to be ∼ 30% in the cluster outskirts. Instead, in cluster cores
this contribution seems to amount to only some per cent as
reported by the Hitomi observations of the Perseus cluster
(the turbulent pressure is 4% or less of the thermodynamic
pressure, Hitomi collaboration 2016). Determining this level
is fundamental for understanding the ICM thermodynamic
properties. In fact, these peripherals regions, connecting the
ICM with the surrounding environment, are sites of phys-
ical processes and events (see Kravtsov & Borgani 2012;
Cavaliere & Lapi 2013; Reiprich er al. 2013; Walker et al.
2019). Besides, the total cluster mass is biased low when the
non-thermal pressure component is omitted in the HE. Non-
thermal energy is present also in relaxed clusters as shown
by the SM analysis of several relaxed clusters (see the refer-
ences above).
Several relaxed clusters observed by Suzaku in their out-
skirts show features like: steep decline of the ICM tempera-
ture in the region r ∼ (0.3−1)r200 (see Akamatsu et al 2011;
Reiprich et al. 2013, Walker et al. 2013), flattening of the en-
tropy profile at r & 0.5r200 (see Walker et al. 2012; 2013)
relative to the shape k ∝ r1.1 expected under pure gravita-
tional infall (see Tozzi & Norman 2011; Lapi et al. 2005; Voit
2005), significant azimuthal variations of the ICM thermo-
dynamic properties (see Kawaharada et al. 2010; Ichikawa
et al. 2013; Sato et al. 2014), an unphysical decreasing be-
havior of the total mass at large radii (Kawaharada et al.
2010; Walker et al. 2012; Ichikawa et al. 2013; Sato et al.
2014).
The scope of this paper is to investigate through the SM
analysis of the X-ray temperature data, measured by XMM-
Newton up to ∼ r500, whether some of the features reported
by Suzaku can be recovered in the outskirts of the relaxed
cluster Zwicky 3146. In particular, to check if also for this
cluster the XMM-Newton temperature data are consistent,
as for the X-COP cluster sample, with the rapid decline
of the temperature observed by Suzaku in the outskirts of
several clusters. One of the conclusions discussed in Fusco-
Femiano (2019) is that a steep temperature profile could be
present in the outskirts of the X-COP cluster sample instead
of the flatter temperature profile derived by the SZ observa-
tions reported in Ghirardini et al. (2019). A further objec-
tive is to investigate the possible presence of a non-thermal
component in the cluster outskirts that is fundamental to
determine for the reasons above reported.
These goals are pursued exploiting the capability of the
SuperModel to extrapolate the temperature profile out to
the virial radius. This capability has been successfully tested
in previous SM analyses. For Abell 2142 (Fusco-Femiano &
Lapi 2018) the derived hydrostatic mass profile is consistent
with all the measurements reported in the literature not only
at r500 but also at greater distances, in particular with the
M200 value obtained from Subaru weak lensing (Umetsu et
al. 2009). Recently, Fusco-Femiano (2019) has shown that
the SM temperature profile derived from the stacked tem-
perature profile of the X-COP cluster sample (Ghirardini et
al. 2018), observed by XMM-Newton up to r500, is consistent
with the temperature profiles observed by Suzaku in several
cluster outskirts. In addition, as shown in Sect. 3, the SM
temperature extrapolation for Zwicky 3146 is in agreement
with the temperature profile given by the gNFW pressure
model based on SZ observations (Romero et al. 2019).
As reported above, the SM analysis includes the possi-
bility to determine the level of a possible non-thermal com-
ponent in the outskirts of Zwicky 3146, not reported from
the analysis of R19. When applied to the X-COP cluster
sample the SM analysis derives a ratio of the non-thermal
pressure component to the total one (α = pnth/ptot) in
agreement with the median values derived by Eckert et al.
(2019) at r500 (α ∼ 6%) and r200 (α ∼ 10%) when the fit is
performed to the joint X-ray and SZ temperature profiles.
Greater values of α are instead obtained when the fit is to
the X-ray data only, in agreement with the numerical simu-
lations of Nelson et al. (2014) and Martizzi & Agrusa (2016).
At the virial radius α(R) is in the range (20-40)%.
The paper is organized as follows. In the next Section
2, the temperature profile derived by XMM-Newton obser-
vations of the galaxy cluster Zwicky 3146 is analyzed with
the SuperModel. Section 3 reports the gas mass fraction, the
entropy and the total mass profiles obtained by combining
the SM temperature and the XMM-Newton electron density
profiles. In particular, from the gas mass fraction fgas it is
possible to infer the level of the non-thermal pressure com-
ponent present in the cluster outskirts. The results and the
conclusions are drawn in Section 4.
Throughout the paper the standard flat cosmology is
adopted with parameters in round numbers: H0 = 70 km
s−1 Mpc−1, ΩΛ = 0.7, ΩM = 0.3 (Planck collaboration XIII
2016).
With this cosmology, R19 report at z = 0.291 r2500 =
130′′, r500 = 293
′′ yielding a virial radius R = 2r500 = 586
′′
assumed in this paper; one arcsecond corresponds to 4.36
kpc.
2 SUPERMODEL ANALYSIS OF THE
GALAXY CLUSTER ZWICKY 3146
The X-ray temperature profile of the galaxy cluster Zwicky
3146 has been obtained from theXMM-Newton derived pres-
sure and electron density profiles reported in Romero et al.
(2019) (see Fig.1). The analysis of the temperature profile
is performed with the entropy-based SM derived by the HE
equation when the entropy distribution k = kBT/n
2/3 is
specified. The assumed entropy profile starts with a cen-
tral entropy value kc given by feedback from astrophysical
sources and radiative cooling; then it increases with a power
law with slope a up to the virial radius R where the entropy
kR is produced by supersonic gas inflows from the surround-
ing environment into the dark matter (DM) gravitational po-
tential well (see Cavaliere et al. 2009 for more details). This
entropy shape is represented by k(r) = kc+(kR−kc)(r/R)
a
(Voit 2005).
The HE equation yields the SM temperature profile
MNRAS 000, 1–8 (2015)
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T (r)
TR
=
[
k(r)
kR
]3/5 [
1 + δR
1 + δ(r)
]2/5
×
{
1 +
2
5
bR
1 + δR
∫ R
r
dx
x
v2c (x)
v2R
[
kR
k(x)
]3/5 [
1 + δR
1 + δ(x)
]3/5}
(1)
where vc is the DM circular velocity (vR is the value at
the virial radius R), and bR is the ratio at R of v
2
c to
the sound speed squared (Cavaliere et al. 2009; Cavaliere
et al. 2011). This temperature profile includes the possi-
ble presence of a non-thermal pressure component, pnth,
that added to the thermal one, pth, gives a total pres-
sure ptot(r) = pth(r) + pnth(r) = pth(r) [1 + δ(r)] where
δ(r) = pnth/pth. The functional shape δ(r) is given by
δ(r) = δR e
−(R−r)2/l2 in agreement with the indication of
numerical simulations (e.g., Lau et al. 2009; Vazza et al.
2011). δ(r) decays on the scale l toward the inside (see Cav-
aliere, Lapi & Fusco-Femiano 2011).
A modified entropy shape for the SM has been taken
into consideration by Lapi, Fusco-Femiano & Cavaliere
(2010) to satisfy the rapid decline of the temperature and
the entropy flattening observed by Suzaku in the outskirts of
several cool-core clusters (Akamatsu et al. 2011; Reiprich et
al. 2013; Walker et al. 2013), and in the directions of non-cool
core ones not disturbed by mergers (like Coma, Simionescu
et al. 2013). This entropy profile starts as a power law with
slope a, but it has a linear entropy decline with gradient
a′ ≡ (a − aR)/(R/rb − 1) at distances greater than rb; the
free parameters rb and a
′ are determined from the fitting
of the temperature profile. In the SM fitting procedure the
model parameters reported in Table I can assume any value.
The SM fit shown in Fig. 1 (red dashed area) clearly in-
dicates, although the XMM-Newton temperature data are
limited to ∼ r500, a steep decline of the temperature at
r & rb. The fit is obtained assuming a flattening of the en-
tropy distribution in the cluster outskirts, in agreement with
the Suzaku observations reported above. Conversely, the en-
tropy shape that increases with a power law with slope a up
to the virial radius (a′ = 0) is inadequate to fit the temper-
ature points (see blue curve of Fig. 1). A particular atten-
tion has been addressed to the last point at ∼ r500 (green
point) that may appear as biased low. Omitting this point
the SM analysis gives a value of the free parameter kBTR
(temperature at the virial radius) only 5.7% greater than
that reported in Table I (δR = 0). This implies negligible
differences in the results from the two analyses. A compari-
son between the SM temperature profile and those obtained
by R19 using the NP and gNFW pressure profiles is shown
in Fig. 2. The NP temperature profile declines more rapidly
than the SM profile in the cluster outskirts. Instead, the SM
and gNFW temperature profiles are absolutely consistent.
3 NON-THERMAL PRESSURE COMPONENT
IN THE OUTSKIRTS OF ZWICKY 3146
The presence of a non-thermal pressure component in the
outskirts of galaxy clusters can be established by compar-
ing the cluster gas mass fraction with the universal baryon
fraction (Planck collaboration XIII 2016) corrected for the
Figure 1. Black points represent the X-ray temperature data
measured by XMM-Newton (Romero et al. 2019). For the green
point see the text. The blue line is the SM fit with a′ = 0, while
the dashed area is with a′ > 0 (for both the fits δR = 0). The
black curves represent the fit with a′ > 0 and δR = 1. The vertical
dashed, long-dashed and dot-dashed lines represent r2500, r500,
and the virial radius R, respectively.
Figure 2. Black points, green point and dashed area as in Fig.
1. The blue curves represent the temperature profile derived from
the NP model, while the magenta curves are derived from the
gNFW model (Romero et al. 2019). The vertical dashed, long-
dashed and dot-dashed lines represent r2500, r500, and the virial
radius R, respectively.
MNRAS 000, 1–8 (2015)
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Figure 3. The density points are derived from the XMM-Newton
observations. In particular, the density points at r . 80′′ are
derived from the NP pressure and temperature profiles (see
Fig.s 4 and 7 in R19, respectively) through the relation ne =
PNP /kBTNP , while the density points at greater distances are
given by Fig. 12 (R19). The continuous curve is obtained from the
fit to the density points using the SM density profile reported in
Cavaliere et al. (2009). The dashed curve represents the SM fit af-
ter that the median profile of the clumping factor
√
(C), derived
by Nagai & Lau (2011) for clusters with M200 > 1014h−1M⊙, is
applied to the continuous density profile; the red lines represent
the 1σ scatter of the clumping factor. The vertical dashed, long-
dashed and dot-dashed lines represent r2500, r500, and the virial
radius R, respectively.
baryon fraction in the form of stars (Gonzalez, Zaritsky &
Zabludoff 2007). The matter content of galaxy clusters is
expected to be approximately the universal value.
The gas mass fraction fgas =Mgas/Mtot (see Eq. A1 to
derive the gas mass Mgas and the total cluster mass Mtot)
is built by combining the SM temperature profile with the
electron density data given by XMM-Newton observations.
The SM temperature profile (see the red dashed area of Fig.
1) is obtained from the SM fit to the XMM-Newton temper-
ature points when only the thermal pressure contributes to
the cluster HE (δR = 0 in Eq.1). The electron density profile
(see the continuous curve in Fig. 3) is derived by fitting the
density points with the SM density profile derived by Cava-
liere et al. (2009). Fig. 12 of R19 provides density points only
at r & 80′′; while to have density points at lower distances
it is necessary to resort to the relation ne = PNP /kBTNP
where the fitted pressure PNP and the gas temperature TNP
profiles are shown in Fig.s 4 and 7 of R19, respectively. The
resulting SM fgas profile in Fig. 4 is above the universal
value going toward the virial radius, consistent with the un-
physical decline of the total mass reported in the same figure.
This result highlights the presence of a non-thermal pressure
support in the cluster outskirts that must be added to the
thermal one in the HE equation to obtain the hydrostatic
equilibrium.
Table 1. Best fit parameters of the SM analyses.
δR = 0 δR = 1
kBTR(keV) 1.127
+1.108
−0.499 1.417
+1.387
−0.517
kc/kR (7.2± 1.7)× 10
−3 (6.3± 1.6)× 10−3
a 1.99± 0.64 2.07± 0.81
c 4.54± 1.51 3.97± 1.23
rb/R 0.16± 0.08 0.16± 0.09
a′ 0.99± 0.58 0.99± 0.57
New fits have been performed to the XMM-Newton tem-
perature data for δR > 0 to obtain an SM fgas profile consis-
tent with the universal gas mass fraction at the virial radius.
The free parameters involved in the fitting procedure are re-
ported in Table I, while δR and l are fixed. The value of δR
is changed in Eq. 1 until the SM gas mass fraction is con-
sistent with the universal value at R. Instead, the l value is
fixed at 0.4 so as to have in the innermost regions pnth ≃
some percent of ptot, in agreement with the Hitomi obser-
vations of the Perseus cluster (higher l values give higher
levels of turbulence in the innermost cluster regions; the l
value does not enter in the calculation of Mtot(R) (see Eq.
A1) and has a negligible effect on the fitting of the temper-
ature data). The agreement is reached for δR = 1.0 ± 0.1
that implies pnth ≃ 50%ptot at the virial radius. With these
values of δR and l, pnth is ≃ 17% of the total pressure ptot
at r500. Table I reports the free parameters values for the
SM fits to the X-ray temperature data with δR = 0 and
δR = 1 (see Fig. 1). kBTR is the ICM temperature at the
virial radius and c is the concentration parameter (see Cav-
aliere et al. 2009); see Sect. 2 for the meaning of the other
free parameters. Recently, Pearce et al. (2019) have shown
that the function δ(r) is less able to follow the median pro-
file α(r) = pnth(r)/ptot(r) (= δ(r)/(1 + δ(r)) derived from
their simulations. However, this disagreement regards a re-
gion with r . 0.35r500 where the non-thermal pressure is
negligible with respect to the thermal one (see Fig.s 4 and
5).
In the next Section, this high level of the non-thermal
pressure component will be discussed together with the other
SM thermodynamic quantities. In particular, it will taken
into account the possible presence of gas clumpiness that
can overestimate the electron gas density profile mostly in
the cluster outskirts.
4 DISCUSSION AND CONCLUSIONS
In this paper, the SM analysis is centered on the gas tem-
perature and density data reported by XMM-Newton obser-
vations of the galaxy cluster Zwicky 3146. The SM fit to
the temperature profile is obtained assuming a modified en-
tropy distribution that flattens at distances greater than rb
(see Sect. 2 and Table I), as reported by Suzaku observations
in several clusters. It must be noted that the SuperModel is
able to evidence an entropy flattening in the cluster out-
skirts fitting temperature data limited to ∼ r500, as already
shown for the stacked temperature profile of the X-COP
clusters (Fusco-Femiano 2019). The SM temperature profile
is in agreement with that derived from the gNFW model,
while the temperature profile from the NP model results
MNRAS 000, 1–8 (2015)
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Figure 4. Top left panel : Gas mass fraction fgas =Mgas/Mtot inferred from the SM temperature profile (TSM ), obtained from the fit to
the XMM-Newton temperature profile (TX , Romero et al 2019), and the gas density profile of Fig. 3 (continuous curve). The dashed area
is obtained with δR = 0 in Eq. A1, while the black line is derived with δR = 1 (α = pnth/ptot = 50%) and l = 0.4. The dashed horizontal
line represents the universal baryon fraction from Planck (Planck Collaboration XIII 2016), whereas the thick green line with the dashed
green lines is the expected gas fraction corrected for the baryon fraction in the form of stars (Gonzalez, Zaritsky & Zabludoff 2007). Top
right panel : The dashed area represents the total cluster mass derived with the above temperature and density profiles and with δR = 0,
while the black line is for δR = 1 and l = 0.4. The green curve is the gas mass derived with the continuous gas density profile of Fig. 3.
Bottom left panel : The entropy points are derived from the X-ray temperature points of Fig. 1 and the continuous density curve of Fig.
3 trough the relation K = kBTX/n
2/3
e . The dashed area is obtained from the SM fit to the temperature data (see Fig. 1) with δR = 0
and from the electron density of Fig. 3 (continuous curve). The black line represents the entropy profile for δR = 1 and l = 0.4; the blue
straight line is the expected power law increase with slope 1.1 (Voit 2005). Bottom right panel : The pressure points are derived from the
XMM-Newton observations (Romero et al. 2019). The red curve is the thermal pressure derived from the SM temperature profile with
δR = 1 (l = 0.4), and the density profile of Fig. 3 (continuous line) through the relation pth,SM = kBTSMne. The black curve is the
non-thermal pressure (α(R) ≃ 50%) and the blue curve is the total pressure ptot = pth + pnth. In all panels, the thin lines represent the
1σ error, the vertical dashed, long-dashed and dot-dashed lines represent r2500, r500, and the virial radius R, respectively.
steeper in the cluster outskirts, the latter two profiles come
from the SZ pressure data. The gas mass fraction, obtained
from the SM temperature profile and from the gas density
profile shown in Fig. 3 (continuous line), compared with the
universal value indicates the presence of a non-thermal pres-
sure support in the cluster outskirts. Neglecting this com-
ponent in the HE equation implies a nonphysical behaviour
of the total mass (see Fig. 4) and biases in the physical un-
derstanding of the thermodynamic quantities.
The level at the virial radius of the ratio δR = pnth/pth
(and of α(R) = pnth/ptot = δR/(1 + δR)) is estimated us-
ing the function δ(r). The SM fgas profile obtained with
δR = 0 results above the universal value at the virial radius.
The agreement is reached for δR ≃ 1 which involves a non-
thermal pressure component ≃ 50% of the total pressure.
MNRAS 000, 1–8 (2015)
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Figure 5. Top left panel : Gas mass fraction fgas = Mgas/Mtot inferred from the SM temperature profile (TSM ), obtained from the
fit to the XMM-Newton temperature profile (TX , Romero et al 2019), and from the gas density profile of Fig. 3 (dashed curve). The
dashed area is obtained with δR = 0 in Eq. 1, while the dashed black line is derived with δR = 0.3 and l = 0.4 (α = pnth/ptot = 20%).
The dashed horizontal line and the thick green line as in Fig. 4. Top right panel : The dashed area represents the cluster total mass
derived with the SM temperature profile (δR = 0) and the dashed density profile of Fig. 3, while the dashed black line is derived for
δR = 0.3 and l = 0.4. The green curve is the gas mass derived with the continuous gas density of Fig. 3, while the dashed curve is the gas
mass obtained with the gas density profile corrected for clumpiness. Bottom left panel : The entropy points are derived from the X-ray
temperature points of Fig. 1 and the dashed density curve of Fig. 3 through the relation K = kBTX/n
2/3
e . The dashed area is obtained
from the SM fit to the temperature data with (δR = 0) and from the electron density corrected for clumpiness. The dashed black line
represents the entropy profile for δR = 0.3 and l = 0.4. The blue straight line as in Fig. 4. Bottom right panel : The pressure points
are derived from the XMM-Newton temperature observations (Romero et al. 2019) and from the dashed density profile of Fig. 3. The
red curve is the thermal pressure derived from the SM temperature data with δR = 0.3 (l = 0.4) and the density profile corrected for
clumpiness through the relation pth,SM = kBTSMne. The black curve is the non-thermal pressure (α(R) ≃ 20%) and the blue curve is
the total pressure ptot = pth + pnth. In all panels, the thin lines represent the 1σ error, the vertical dashed, long-dashed and dot-dashed
lines represent r2500, r500, and the virial radius R, respectively.
Hydrodynamic simulations show that pnth due to tur-
bulent gas motions within the intracluster medium increases
from ≈ 10% at r500 to ≈ 30% at the virial radius (Lau et al.
2009; Vazza et al. 2009; Battaglia et al. 2012; Pearce et al.
2019). Recently, Vazza et al. (2018) estimate a support of
∼ 10% at r200 constraining which fraction of the gas kinetic
energy effectively provides pressure support in the cluster’s
gravitational potential.
The high value of the ratio α(R) ≃ 50%, obtained from
the SM analysis, with respect to the values found in nu-
merical simulations, leads to suppose that this discrepancy
may be attributed to the presence in the gas density profile
of accreting substructures and inhomogeneities. In this case
the gas density inferred from the X-ray surface brightness is
overestimated by a factor
√
(C) where C ≡ 〈n2gas〉/〈ngas〉
2
is the clumping factor. Nagai & Lau (2011) have derived
MNRAS 000, 1–8 (2015)
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the median profile of C for clusters with Tgas > 10
6K
and M200 ≷ 10
14h−1M⊙. The median profile
√
(C) for
M200 > 10
14h−1M⊙ has been applied to the electron gas
density obtained from the XMM-Newton observations, yield-
ing the dashed curve of Fig. 3.
A new SM analysis has been carried out using the gas
density profile corrected for clumpiness. The presence of in-
homogeneities is expected to be irrelevant for the X-ray tem-
perature data at r . r500 (see Ghirardini et al. 2019). This
is confirmed by the last two X-ray points at r ∼ r500 of
the stacked temperature profile of the X-COP cluster sam-
ple that are consistent with the SZ temperature points less
affected by clumping (Fusco-Femiano 2019). The universal
gas mass fraction is now satisfied by the SM fgas profile
for α(R) ≃ 20% (or δR ≃ 0.3 ± 0.1; l is fixed at 0.4) con-
sistent with the values reported by numerical simulations.
With these values of δR and l pnth is ≃ 6%ptot at r500. The
new fgas, mass, entropy and pressure profiles are shown in
Fig. 5. It must be noted that the the universal value of the
gas mass fraction is within the 1σ error of the SM fgas profile
derived for δR = 0 and with the corrected gas density pro-
file. However, the decreasing total mass profile in the cluster
outskirts points out the presence of a non-thermal pressure
support.
Regarding the cluster mass, the SM analysis based
on the the X-ray observations reports values of M500,
derived from the hydrostatic equilibrium method, consis-
tent with that reported by R19 based on the SZ data
(8.29+1.93−1.24(stat)
+0.74
−0.54(sys)× 10
14M⊙). In fact, using the gas
density not corrected for clumpiness and a non-thermal pres-
sure component of ≃ 50% of the total pressure at the virial
radius, the SM analysis yields M500 = 9.65± 0.3× 10
14M⊙.
With the gas density corrected for clumpiness and α(R) ≃
20%, M500 is 9.95 ± 0.16 × 10
14M⊙. An evident tension is
between these estimates and the value ofM500 = 3.88
+0.66
−0.58×
1014M⊙ derived from weak lensing by Okabe & Smith
(2016). A total mass MR = 1.53
+0.55
−0.35 × 10
15M⊙ is predicted
from the first SM analysis and MR = 1.38
+0.55
−0.11 × 10
15M⊙
from the second. Not taking into account the non-thermal
pressure in the HE underestimates M500 of only some per-
cent (3-6)% for the two different gas density profiles. Instead,
at the virial radius, the analysis with the gas density not cor-
rected for clumpiness gives an underestimation of ∼ 40%,
while is ∼ 20% using the gas density corrected for clumpi-
ness. The last value is in the range (10-30)% usually reported
in literature (see Biffi et al. 2016; Khatri & Gaspari 2016:
Hurier & Angulo 2018; Ettori et al. 2019).
The overestimation of the gas density profile caused by
clumping determines an underestimation of the entropy pro-
file by a factor C(r)1/3. Considering that the ne profile is
now corrected for clumpiness, the entropy flattening start-
ing at r & r500 (see Fig. 5) is due to the steep decline of the
temperature, in agreement with the conclusions of Okabe
et al. (2014) in their joint X-ray and weak lensing study of
four relaxed galaxy clusters observed by Suzaku and Subaru
out to the virial radii. The same conclusion is found by the
SM analysis of the X-COP cluster sample. The SM entropy
profiles reported in Fig.s 4 and 5 result steeper, in the re-
gion 23′′ − 138′′ (100-600 kpc), of the power law with slope
1.1 expected under pure gravitational collapse (Voit 2005).
The slope from the SM analysis of the X-ray data is ∼ 1.56
not much different from the value of 1.44 derived with the
gNFW model (R19) applied to the SZ data. A start of an
entropy flattening toward the core is at r . 20′′.
In conclusion, the SM analysis of the galaxy cluster
Zwicky 3146, based on the X-ray temperature data limited
to r500, predicts that the properties reported by Suzaku ob-
servations in several relaxed clusters could be present also in
the outskirts of Zwicky 3146. Namely, a steep temperature
decline, the flattening of the entropy profile, and a decreasing
mass profile due to the break of the hydrostatic equilibrium
for the presence of turbulence in the cluster outskirts. The
SM analysis of Zwicky 3146 appears to be a further confir-
mation (see the SM analysis of the X-COP clusters, Fusco-
Femiano 2019) that the temperature profiles observed by
XMM-Newton are consistent with the rapid decline of the
temperature in the cluster outskirts reported by the Suzaku
observations. Besides, the SM analysis highlights the possi-
ble presence of clumpiness in the gas density profile consid-
ering the derived high level of the ratio α(R) with respect
to the values found in numerical simulations. However, also
considering the clumpiness, turbulence and entropy flatten-
ing are still present in the cluster outskirts. As suggested by
Lapi, Fusco-Femiano & Cavaliere (2010), the turbulence may
be related to the weakening of the accretion shocks in relaxed
clusters which induces an increase of the bulk inflow energy
in the cluster outskirts and a reduction of the thermal en-
ergy. This leads to the saturation of the entropy production
determining the observed rapid decline of the temperature.
This scenario is in agreement with the significant azimuthal
variations of the electron density, temperature, and entropy
reported by Suzaku observations in some clusters. In fact,
the weakening degree of the accretion shocks may be more
pronounced in cluster sectors adjacent to low density regions
of the surrounding environment.
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APPENDIX A: HYDROSTATIC CLUSTER
MASS IN PRESENCE OF TURBULENCE
Here it is reported the equation to derive from the hydro-
static equilibrium the total cluster mass Mtot within r in
presence of an additional non-thermal pressure component
in the HE equation (Fusco-Femiano & Lapi 2013)
Mtot(r) = −
kB[T (r)(1 + δ(r)]r
2
µmpG
×
{
1
ne(r)
dne(r)
dr
+
1
T (r)[(1 + δ(r)]
dT (r)[1 + δ(r)]
dr
}
= −
kB[T (r)(1 + δ(r)]r
2
µmpG
×
[
1
ne(r)
dne(r)
dr
+
1
T (r)
dT (r)
dr
+
δ(r)
1 + δ(r)
2
l2
(R− r)
]
. (A1)
where δ(r) = pnth/pth = δR e
−(R−r)2/l2
The gas mass is given by
Mgas = 4piµemp
∫
dr ne(r)r
2
where µe ∼ 1.16 is the mean molecular weight of the elec-
trons.
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